Abstract: Zhundong low-rank coal is very likely to be utilized extensively in oxy-fired boilers in the near future. Its PM 10 (particulate matter with an aerodynamic diameter of ≤10 µm) emission behaviors during oxy-fuel combustion need to be carefully studied before its large-scale use. The present study examines the emission behaviors of inorganic ultrafine particles (PM 0.5 , with an aerodynamic diameter of ≤0.5 µm), as well as PM 10 during the combustion of Zhundong coal in air and oxy-fuel conditions (O 2 /CO 2 ) at three characterized O 2 input fractions, i.e., 21, 27 and 32 vol.%. The combustion experiments were carried out in a high-temperature drop-tube furnace (HDTF) at a combustion temperature of 1500 • C. The results show that PM 0.5 is composed of Na, S, Mg and Ca, with total fractions of~90%, while PM 0.5-10 (with an aerodynamic diameter between 0.5 and 10 µm) predominantly contains Ca (~50-65%). At three characterized oxygen fractions during oxy-fuel combustion (OXY21, 27 and 32), the promoted O 2 fraction was found to increase the yields of both PM 0.5 and PM 0.5-10 . A higher particle-burning temperature and a lower CO 2 fraction promote the reactions of both organically bound elements and inorganic minerals, increasing the partitioning of Mg and Ca and causing an increased yield of PM 0.5 . The yield of PM 0.5 from air is high and similar to that from OXY32 while the yield of PM 0.5-10 from air is similar to that from OXY27. The high yield of PM 0.5 from air is mainly generated by the highest yields of Ca in four conditions.
Introduction
Coal is still one of the most important energy resources in China; it accounts for~62% of the total energy demand nowadays and causes many environmental problems such as SOx, NOx, PM (particulate matter) and heavy metals [1] [2] [3] [4] [5] [6] . The newly discovered Zhundong coal field is the largest intact coalfield with a predicted reserve of~390 billion tons, located in Junggar Basin in the Xinjiang Autonomous Region of China. Zhundong coal was reported to show the typical combustion characteristics of a low-rank coal [7, 8] , i.e., it consisted of sequential and overlapping stages of volatile release and char combustion [9, 10] . To better utilize it in a power boiler, Chinese researchers have paid attention to the obvious ash deposition problems, such as slagging, fouling and corrosion, which are mainly caused Geometric mean size of the submicron particles (PM 1 ) increased because the higher particle surface temperature of the coal resulted in faster mineral vaporization rates.
Suriyawong et al. [25] Three Chinese bituminous coals 1400 • C 20, 40%, versus air
Promoted impacts on the formation of fine ash particles in both the submicron mode and the fine fragmentation mode.
Sheng et al. [26, 27] PSOC-1451 sub-bit, DECS-26 bit 2 , PSOC-1443 lignite 1127 • C 30, 40, 60%, versus air Submicrometer particle emission yields increase and the composition of the ultrafine PM was affected; submicrometer ash yields of lower rank coals were more affected; no clear trend for the fine fragmentation mode.
Kazanc et al. [28, 29] Utah bit, Illinois bit, PRB sub-bit 1137 • C, 1247 • C 21, 31.5%, versus air Diameter and mass for the coarse particles did not change, while those for PM 0.1 increased.
Jia et al. [30] Utah bit, Illinois bit, PRB sub-bit <1100 • C 21, 27, 32%, versus air Nucleation modes for the Utah and PRB coals were shown to consist of significant amounts of soot; no clear trend for the central mode (i.e., fine fragmentation mode).
Morris et al. [24] Yu et al. [23] 1 sub-bit: sub-bituminous coal; 2 bit: bituminous coal.
The effect of O 2 fractions on PM emissions during oxy-fuel coal combustion has been reported by several researchers, and some notable information can be found in the summary presented in Table 1 . Firstly, studies on low-rank coals chose a furnace temperature of <1200 • C, which is much lower than that of the existing utility boiler (~1400-1600 • C). During coal combustion, a lower burning temperature would inhibit the vaporization of inorganic matters and the fragmentation of char particles [31] , and even bring in the soot into ultrafine particles as a result of incomplete combustion, all of which would obviously affect the emission of inorganic PM. Moreover, most studies paid attention to O 2 fractions much higher than 30%; the above-mentioned three characterized O 2 fractions comparable to the air atmosphere were only studied by Morris et al. [24] in a down-fired oxy-fuel combustor. However, in their study the ultrafine particles consisted mostly of undesired soot, which may have been caused by the low furnace temperature (<1100 • C). Beyond this, different coal types have varied ash compositions, which also affect the emission of inorganic PM. As such, the principal purpose of our research, i.e., to clarify the emission behaviors of inorganic PM during the oxy-fuel combustion of Zhundong coal before its possible large-scale use cannot be assessed on the basis of other related publications and requires careful research.
In this study, a similar combustion temperature (1500 • C) to a utility boiler was chosen in a hightemperature drop-tube furnace (HDTF, RHTV 120-600/18, Nabertherm, Lilienthal, Bremen, Germany) to ensure the complete combustion of Zhundong coal, and three characterized O 2 fractions (21, 27 and 32 vol.%) in O 2 /CO 2 combustion were used to achieve the same oxygen content, a similar heat transfer flux and a similar adiabatic flame temperature to air combustion, respectively. Mass-based particle size distributions (PSDs), mass yields and chemical compositions of inorganic PM were carefully analyzed to clarify the emission behaviors of the ultrafine particles and PM 10 generated from the combustion of the giant Chinese power coal.
Materials and Methods

Coal Properties
A typical Zhundong coal had been used in earlier research [16, 32] , which was crushed, ground and sieved to obtain a narrow-sized coal sample in a range of 63-100 µm. The proximate and ultimate analysis and the inorganic compositions of the Zhundong coal sample are shown in Table 2 . It is a low-ash and low-sulfur coal which can be classified as a sub-bituminous coal. The results of the XRF (X-ray Fluorescence, EDAX EAGLE III, EDAX Inc., Mahwah, NJ, USA) analysis on low-temperature ash for coal show an abundance of Ca, S, Na and Mg. To distinguish between the occurrence forms of major inorganic elements, the coal was sequentially extracted with deionized water, 1 M ammonium acetate (CH 3 COONH 4 , NH 4 OAc), 1 M hydrochloric acid (HCl) at a temperature of 60 • C for 24 h [33] . The ratio of solid to liquid was 1:50, i.e., each 1 g solid sample was mixed with a 50 mL solution. The water-soluble, ion-exchangeable (mainly organically bound) and acid-soluble inorganic elements were extracted sequentially, and the solid residue implies the HCl insoluble elements, which are mainly present as silicate or aluminosilicate. The solution and digested solid residue were analyzed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, ELAN DRC-e, PerkinElmer Inc., Hopkinton, MA, USA) to quantitatively determine the amount of inorganic elements. The chemical fractionation of alkali and alkaline earth metals (AAEM) in Zhundong coal is presented in Figure 1 . The occurrence form of Na is mostly water-soluble and organically bound, and their total fractions reach nearly 90%. The occurrence forms of Ca and Mg are mostly organically bound and acid-soluble, with total fractions of about 80%. These elements in coal are expected to be the major contributors to inorganic PM, especially for ultrafine particles.
of about 80%. These elements in coal are expected to be the major contributors to inorganic PM, especially for ultrafine particles. Moreover, the Zhundong coal sample was subjected to a CCSEM analysis (Computer-Controlled Scanning Electron Microscopy, GENESIS XM, EDAX Inc., Mahwah, NJ, USA), according to the detailed procedures presented in our prior studies [34, 35] . Though it cannot be used to analyze organically bound elements, CCSEM technology is beneficial for determining the types and contents of inorganic minerals and the mass fraction of major elements distributed in those minerals.
Experimental Setup and Sample Analysis
The coal sample was burned in a well-controlled electrically heated HDTF, as shown in Figure  2 . The details of this HDTF can be found in earlier publications [36, 37] . The experimental system is composed of four parts: the feeding system; the furnace and temperature controlling system; the gas delivery system and the sampling system. The sampling system consists of a sampling tube, a cyclone, a Dekati low pressure impactor (LPI, Dekati Ltd., Kangasala, Finland) and a vacuum pump. The temperature of the DTF can be adjusted from 1400 °C to 1800 °C with the heating of the molybdenum silicide bars. The length of the reactor tube is 1440 mm, and the inner diameter is 40 mm.
In the experiment, the furnace temperature was controlled at a high temperature of 1500℃. The combustion experiments of Zhundong coal were carried out at air condition (AIR, O2/N2 = 21/79) and at oxy-fuel conditions with three characterized oxygen fractions. The volume ratios of O2/CO2 were 21/79 (OXY21), 27/73 (OXY27) and 32/68 (OXY32), respectively. The feeding rate of the coal samplewas ~0.15 g/min, the total feeding gas flow rate was 5 L/min and the particle residence time in the furnace was less than 1.5 s. Thermogravimetric analysis (TGA,TGA4000, Perkinelmer Inc, Waltham, MA, USA) confirmed the complete combustion achieved [38] , ensuring that all the collections were inorganic PM. After complete combustion, the flue gas containing fine ash was first quenched by N2, then separated by cyclone with a cutoff of ~10.0 μm and collected by the LPI, which has 13 stages for different size fractions. Stages 1-13 had a D50 size of 0.039, 0.072, 0.122, 0.205, 0.32, 0.488, 0.765, 1.231, 1.951, 3.08, 5.144, 8.099 and 10.747 μm, respectively. In order to avoid acid gas condensation and particle coagulation during sampling, the entire sampling system was externally heated to 120 °C [39] . Moreover, the Zhundong coal sample was subjected to a CCSEM analysis (Computer-Controlled Scanning Electron Microscopy, GENESIS XM, EDAX Inc., Mahwah, NJ, USA), according to the detailed procedures presented in our prior studies [34, 35] . Though it cannot be used to analyze organically bound elements, CCSEM technology is beneficial for determining the types and contents of inorganic minerals and the mass fraction of major elements distributed in those minerals.
The coal sample was burned in a well-controlled electrically heated HDTF, as shown in Figure 2 . The details of this HDTF can be found in earlier publications [36, 37] . The experimental system is composed of four parts: the feeding system; the furnace and temperature controlling system; the gas delivery system and the sampling system. The sampling system consists of a sampling tube, a cyclone, a Dekati low pressure impactor (LPI, Dekati Ltd., Kangasala, Finland) and a vacuum pump. The temperature of the DTF can be adjusted from 1400 • C to 1800 • C with the heating of the molybdenum silicide bars. The length of the reactor tube is 1440 mm, and the inner diameter is 40 mm.
In the experiment, the furnace temperature was controlled at a high temperature of 1500°C. The combustion experiments of Zhundong coal were carried out at air condition (AIR, O 2 /N 2 = 21/79) and at oxy-fuel conditions with three characterized oxygen fractions. The volume ratios of O 2 /CO 2 were 21/79 (OXY21), 27/73 (OXY27) and 32/68 (OXY32), respectively. The feeding rate of the coal sample was~0.15 g/min, the total feeding gas flow rate was 5 L/min and the particle residence time in the furnace was less than 1.5 s. Thermogravimetric analysis (TGA,TGA4000, Perkinelmer Inc, Waltham, MA, USA) confirmed the complete combustion achieved [38] , ensuring that all the collections were inorganic PM. After complete combustion, the flue gas containing fine ash was first quenched by N 2 , then separated by cyclone with a cutoff of~10.0 µm and collected by the LPI, which has 13 stages for different size fractions. Stages 1-13 had a D50 size of 0.039, 0.072, 0.122, 0.205, 0.32, 0.488, 0.765, 1.231, 1.951, 3.08, 5.144, 8.099 and 10.747 µm, respectively. In order to avoid acid gas condensation and particle coagulation during sampling, the entire sampling system was externally heated to 120 • C [39] . The mass of aluminum foil in each LPI stage was accurately weighed using a Mettler Toledo Microbalance (readability, 0.001 mg, XS3DU, Mettler Toledo Inc, Zurich, ZH, Switzerland) before and after collection, and was used to determine the mass-based PSDs and mass yields of PM10. The polycarbonate membranes were used for the particle elemental analysis. The elemental compositions of the particles in each stage were analyzed using a scanning electron microscopy (SEM, JSM-6510, JEOL Ltd., Tokyo, Japan) equipped with an energy-dispersive spectrometer (EDS, EDAX GENESIS, EDAX Inc., Mahwah, NJ, USA). At least 3 replicates were performed for each condition, and the reported data and error bar are the mean values.
Calculation of the Char Particle Combustion Temperature
It is well-known that the O2 fraction in a combustion atmosphere affects the coal particle combustion temperature [26, 30, 31] . A simplified single-particle model developed by Jia et al. [30] was used to calculate the char particle combustion temperature during oxy-fuel combustion at different oxygen input fractions. The input char particle size was 80 μm and the input gas temperature was 1773 K (1500 °C). The calculated temperatures for the char particles at different oxygen contents are shown in Table 3 . They were 1797 °C for AIR, 1741 °C for OXY21, 1804 °C for OXY27 and 1852 °C for OXY32, respectively. Figure 3 presents the mass-based PSDs of PM10 during the air and oxy-fuel combustion of Zhundong coal at three oxygen fractions, which generally display a bimodal distribution of PM10. The ultrafine particles are centered around 0.1 μm, which were reported to be formed via the vaporization and nucleation of ash species near the burning coal particle firstly and subsequent The mass of aluminum foil in each LPI stage was accurately weighed using a Mettler Toledo Microbalance (readability, 0.001 mg, XS3DU, Mettler Toledo Inc, Zurich, ZH, Switzerland) before and after collection, and was used to determine the mass-based PSDs and mass yields of PM 10 . The polycarbonate membranes were used for the particle elemental analysis. The elemental compositions of the particles in each stage were analyzed using a scanning electron microscopy (SEM, JSM-6510, JEOL Ltd., Tokyo, Japan) equipped with an energy-dispersive spectrometer (EDS, EDAX GENESIS, EDAX Inc., Mahwah, NJ, USA). At least 3 replicates were performed for each condition, and the reported data and error bar are the mean values.
Results and Discussion
Particle Size Distributions (PSDs) of Inorganic PM10 Generated from Zhundong Coal Combustion
Calculation of the Char Particle Combustion Temperature
It is well-known that the O 2 fraction in a combustion atmosphere affects the coal particle combustion temperature [26, 30, 31] . A simplified single-particle model developed by Jia et al. [30] was used to calculate the char particle combustion temperature during oxy-fuel combustion at different oxygen input fractions. The input char particle size was 80 µm and the input gas temperature was 1773 K (1500 • C). The calculated temperatures for the char particles at different oxygen contents are shown in Table 3 . They were 1797 • C for AIR, 1741 • C for OXY21, 1804 • C for OXY27 and 1852 • C for OXY32, respectively. The ultrafine particles are centered around 0.1 µm, which were reported to be formed via the vaporization and nucleation of ash species near the burning coal particle firstly and subsequent growth due to the coagulation and/or heterogeneous condensation of inorganic vapors in the cooling flue gas after the boiler [26] . The coarse particles are located at around 5 µm; they are mainly formed through char fragmentation and include mineral coalescence during combustion [40, 41] .
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6 of 14 growth due to the coagulation and/or heterogeneous condensation of inorganic vapors in the cooling flue gas after the boiler [26] . The coarse particles are located at around 5 μm; they are mainly formed through char fragmentation and include mineral coalescence during combustion [40, 41] . Considering the ultrafine particles, it could be observed that, firstly, the OXY21 condition results in the peak size of the ultrafine mode becoming smaller (about 0.07 μm) compared to the AIR condition, and, secondly, as the oxygen fraction is increased to OXY32 in the O2/CO2 mixture, the ultrafine mode center becomes coarser (about 0.1 μm). The phenomena have been identified and explained in earlier studies [25] [26] [27] . The low combustion temperature in OXY21 and OXY27 conditions compared to the OXY32 condition should result both in less vaporization and in less particle growth by coagulation, leading to fewer ultrafine particles being formed and the mode center shifting to a smaller size. Moreover, when comparing the OXY27 condition with the AIR condition, which have similar combustion temperatures, an ignition delay can be found during oxy-fuel combustion [42] ; the longer reaction time in the AIR condition is beneficial for particle growth by coagulation, causing a larger peak size in the AIR condition than in the OXY27 condition. With regard to the coarse particles (>~0.5 μm), the increased oxygen fraction during O2/CO2 combustion significantly increases the char combustion temperature, and promotes both the fragmentation of char particles and the melting and coalescence of the included minerals [26, 31] , causing a clear tendency of OXY32 > OXY27 > OXY21 for the concentration of coarse particles. The distribution of coarse particles from the AIR condition is very similar to that from the OXY27 condition, as will be discussed in Section 3.4. Figure 4 presents the mass fractions of inorganic elements in PM10 from Zhundong coal combustion. Information on the size-dependent chemical composition of PM10 has been developed to identify the central mode (i.e., fine fragmentation mode) that exists between the ultrafine and the coarse modes [43] . Figure 4 shows a slight decrease in Na, S and a slightly increase in Ca between ~0.5 μm and 2.5 μm (stages 6-9), implying the typical characteristics of the central mode elaborated by Yu et al. [43] . However, Figure 3 presents the same tendency for OXY32 > OXY27 > OXY21 for the concentration of central mode particles and coarse particles (>2.5 μm), and Figure 4 shows very similar elemental compositions between these two modes for all cases. Therefore, the two mode particles are analyzed together as PM0.5-10 below. As shown in Figure 4 , the chemical compositions of PM0.5-10 in air and oxy-fuel conditions with different oxygen fractions are very similar; PM0.5-10 predominantly contains Ca (~50-65%), and some Mg, S, Al and Si. Considering the ultrafine particles, it could be observed that, firstly, the OXY21 condition results in the peak size of the ultrafine mode becoming smaller (about 0.07 µm) compared to the AIR condition, and, secondly, as the oxygen fraction is increased to OXY32 in the O 2 /CO 2 mixture, the ultrafine mode center becomes coarser (about 0.1 µm). The phenomena have been identified and explained in earlier studies [25] [26] [27] . The low combustion temperature in OXY21 and OXY27 conditions compared to the OXY32 condition should result both in less vaporization and in less particle growth by coagulation, leading to fewer ultrafine particles being formed and the mode center shifting to a smaller size. Moreover, when comparing the OXY27 condition with the AIR condition, which have similar combustion temperatures, an ignition delay can be found during oxy-fuel combustion [42] ; the longer reaction time in the AIR condition is beneficial for particle growth by coagulation, causing a larger peak size in the AIR condition than in the OXY27 condition. With regard to the coarse particles (>~0.5 µm), the increased oxygen fraction during O 2 /CO 2 combustion significantly increases the char combustion temperature, and promotes both the fragmentation of char particles and the melting and coalescence of the included minerals [26, 31] , causing a clear tendency of OXY32 > OXY27 > OXY21 for the concentration of coarse particles. The distribution of coarse particles from the AIR condition is very similar to that from the OXY27 condition, as will be discussed in Section 3.4. Figure 4 presents the mass fractions of inorganic elements in PM 10 from Zhundong coal combustion. Information on the size-dependent chemical composition of PM 10 has been developed to identify the central mode (i.e., fine fragmentation mode) that exists between the ultrafine and the coarse modes [43] . Figure 4 shows a slight decrease in Na, S and a slightly increase in Ca betweeñ 0.5 µm and 2.5 µm (stages 6-9), implying the typical characteristics of the central mode elaborated by Yu et al. [43] . However, Figure 3 presents the same tendency for OXY32 > OXY27 > OXY21 for the concentration of central mode particles and coarse particles (>2.5 µm), and Figure 4 shows very similar elemental compositions between these two modes for all cases. Therefore, the two mode particles are analyzed together as PM 0.5-10 below. As shown in Figure 4 , the chemical compositions of PM 0.5-10 in air and oxy-fuel conditions with different oxygen fractions are very similar; PM 0.5-10 predominantly contains Ca (~50-65%), and some Mg, S, Al and Si. Particles less than 0.5 μm in size (stages 1-5, called ultrafine particles and PM0.5) present relatively uniform elemental distributions for each case. PM0.5 is composed of Na, S, Mg and Ca, with total fractions of nearly 90%. Comparing air with oxy-fuel conditions, the mass fractions of Ca in PM0.5 from the air condition are much higher than those from oxy-fuel conditions, while the fractions of Na and S in PM0.5 are obviously lower. Beyond this, as the oxygen concentration increases in oxyfuel combustion, the mass fractions of Na and S in PM0.5 decrease while that of Mg increases distinctly. The phenomena observed will be discussed thoroughly in Section 3.4.
Chemical Compositions of PM10
Chemical Compositions of PM 10
Mass Yields of PM10
The mass-based yields of PM0.5 and PM0.5-10 formed during the air and oxy-fuel combustion of Zhundong coal are depicted in Figure 5 . Firstly, it can be seen that the yields from OXY32 go up to 200 mg_PM10/g_ash; such a high PM10 yield from Zhundong coal compared to other power coals was also found in the study on the air condition by Li et al. [12] . This implies a terrible burden for dustcleaning apparatuses such as electrostatic precipitators compared to other power coals. Secondly, the promoted O2 fraction during oxy-fuel combustion increases the PM10 yields, especially of PM0.5-10, as explained in Section 3.1. Lastly, the yield of PM0.5 from AIR is similar to that from OXY32 and higher than that from OXY21 and OXY27, while the yield of PM0.5-10 from AIR is lower than that from OXY32 but similar to the OXY27 case. This can be explained by the effect of the combustion atmosphere on the partitioning of major ash-forming inorganic elements. Particles less than 0.5 µm in size (stages 1-5, called ultrafine particles and PM 0.5 ) present relatively uniform elemental distributions for each case. PM 0.5 is composed of Na, S, Mg and Ca, with total fractions of nearly 90%. Comparing air with oxy-fuel conditions, the mass fractions of Ca in PM 0.5 from the air condition are much higher than those from oxy-fuel conditions, while the fractions of Na and S in PM 0.5 are obviously lower. Beyond this, as the oxygen concentration increases in oxy-fuel combustion, the mass fractions of Na and S in PM 0.5 decrease while that of Mg increases distinctly. The phenomena observed will be discussed thoroughly in Section 3.4.
Mass Yields of PM 10
The mass-based yields of PM 0.5 and PM 0.5-10 formed during the air and oxy-fuel combustion of Zhundong coal are depicted in Figure 5 . Firstly, it can be seen that the yields from OXY32 go up to 200 mg_PM 10 /g_ash; such a high PM 10 yield from Zhundong coal compared to other power coals was also found in the study on the air condition by Li et al. [12] . This implies a terrible burden for dust-cleaning apparatuses such as electrostatic precipitators compared to other power coals. Secondly, the promoted O 2 fraction during oxy-fuel combustion increases the PM 10 yields, especially of PM 0.5-10 , as explained in Section 3.1. Lastly, the yield of PM 0.5 from AIR is similar to that from OXY32 and higher than that from OXY21 and OXY27, while the yield of PM 0.5-10 from AIR is lower than that from OXY32 but similar to the OXY27 case. This can be explained by the effect of the combustion atmosphere on the partitioning of major ash-forming inorganic elements. 
Influence of Characterized Oxygen Input Fractions on the Emission of PM0.5 and PM0.5-10
Figure 6 presents the elemental PSDs of PM10 while Figure 7 depicts the absolute mass of inorganic elements in PM0.5 and PM0.5-10, further indicating the mass contribution of various elements to the inorganic PM0.5 and PM0.5-10. As shown in Figure 6 , Si and Al are only enriched in PM0.5-10; a weak peak can be noted in PM0.5 and an obvious peak in PM0.5-10 can be found in PSDs of Mg; as with Ca, Na and S, two obvious peaks occur in both PM0.5 and PM0.5-10. 
Figure 6 presents the elemental PSDs of PM10 while Figure 7 depicts the absolute mass of inorganic elements in PM0.5 and PM0.5-10, further indicating the mass contribution of various elements to the inorganic PM0.5 and PM0.5-10. As shown in Figure 6 , Si and Al are only enriched in PM0.5-10; a weak peak can be noted in PM0.5 and an obvious peak in PM0.5-10 can be found in PSDs of Mg; as with Ca, Na and S, two obvious peaks occur in both PM0.5 and PM0.5-10. 3.4.1. PM0.5
As observed in Figures 6 and 7a , the highest yield of PM0.5 from the AIR condition is created mainly by the highest yield of Ca, and the yields of Na and S from AIR are inhibited compared to oxy-fuel combustion. The increased yield of PM0.5, like the increased oxygen fraction during oxy-fuel combustion, is mainly caused by the increase in Mg and Ca (Figure 7a) . In Section 3.1, it was noted that the OXY21 condition results in the peak size of the ultrafine mode becoming smaller (about 0.07 μm) compared to the AIR and OXY32 conditions. This is clearly caused by the highest concentrations of Na and S from OXY21 found in Figure 6 . The higher content of Na in ultrafine particles generated from lower O2 fraction of oxy-fuel combustion has also been observed by Kazanc et al. [28] .
Partitioning of Ca. Figure 1 shows that more than half of the Ca occurring in Zhundong coal is organically bound, while ~30% of the Ca is HCl-soluble and 10% is residual. The occurrence mode of Mg is similar to Ca. It was noted that 40% of the Ca exists in the inorganic minerals and can be determined by CCSEM, and the data show that ~16% of the Ca in minerals was identified as calcite which is HCl-soluble; the others were identified as complex minerals such as dolomite (Ca-Mg), CaMg-S, part of which should also be HCl-soluble. The last 10% of the residual Ca should exist as aluminosilicates containing Ca, Mg, Fe, Na, etc.
One of the important serial pieces of research on the thermal utilization of Australian low-rank coal by Quyn et al. [44] indicates the reactions of organically bound AAEM during coal combustion as follows:
where X can be Na, K, Mg or Ca, CM and CM′ represent coal or char matrix. Reaction (1) is insensitive to temperature and can take place at relatively low temperatures (e.g., <600 °C). Equation (2) thermally breaks down the carboxylates and releases CO2. Importantly, reaction (3) is affected by temperature and the bond will be thermally broken at higher temperatures to release AAEM. As a result, the volatilization of organically bound AAEM (e.g., 50% of Ca in Zhundong coal) increases when the char matrix is burned at higher temperatures, generating more ultrafine particles. The 30% HCl-soluble Ca exists mainly as calcite and dolomite. These minerals undergo decomposition (Equations (4) and (5)), vaporization and fragmentation to form ultrafine particles. As observed in Figures 6 and 7a , the highest yield of PM 0.5 from the AIR condition is created mainly by the highest yield of Ca, and the yields of Na and S from AIR are inhibited compared to oxy-fuel combustion. The increased yield of PM 0.5, like the increased oxygen fraction during oxy-fuel combustion, is mainly caused by the increase in Mg and Ca (Figure 7a) . In Section 3.1, it was noted that the OXY21 condition results in the peak size of the ultrafine mode becoming smaller (about 0.07 µm) compared to the AIR and OXY32 conditions. This is clearly caused by the highest concentrations of Na and S from OXY21 found in Figure 6 . The higher content of Na in ultrafine particles generated from lower O 2 fraction of oxy-fuel combustion has also been observed by Kazanc et al. [28] .
Partitioning of Ca. Figure 1 shows that more than half of the Ca occurring in Zhundong coal is organically bound, while~30% of the Ca is HCl-soluble and 10% is residual. The occurrence mode of Mg is similar to Ca. It was noted that 40% of the Ca exists in the inorganic minerals and can be determined by CCSEM, and the data show that~16% of the Ca in minerals was identified as calcite which is HCl-soluble; the others were identified as complex minerals such as dolomite (Ca-Mg), Ca-Mg-S, part of which should also be HCl-soluble. The last 10% of the residual Ca should exist as aluminosilicates containing Ca, Mg, Fe, Na, etc.
where X can be Na, K, Mg or Ca, CM and CM represent coal or char matrix. Reaction (1) is insensitive to temperature and can take place at relatively low temperatures (e.g., <600
• C). Equation (2) thermally breaks down the carboxylates and releases CO 2 . Importantly, reaction (3) is affected by temperature and the bond will be thermally broken at higher temperatures to release AAEM. As a result, the volatilization of organically bound AAEM (e.g., 50% of Ca in Zhundong coal) increases when the char matrix is burned at higher temperatures, generating more ultrafine particles. The 30% HCl-soluble Ca exists mainly as calcite and dolomite. These minerals undergo decomposition (Equations (4) and (5)), vaporization and fragmentation to form ultrafine particles.
Higher particle-burning temperatures (e.g., AIR and OXY32) and lower CO 2 fractions (e.g., OXY32) promote the reactions.
CaCO 3 → CaO + CO 2 (4)
Therefore, the release of Mg and Ca from AIR and OXY32 can be expected to be higher than OXY21 and OXY27, creating higher ultrafine particles (Figure 7a ). It should be noted that CO 2 participates in the reactions involving both organically bound Ca (Equation (2)) and calcite (Equation (4)). These reactions found in OXY32 with 68% CO 2 should be inhibited compared to AIR, and a much higher yield of Ca is thus found in PM 0.5 from AIR combustion.
Partitioning of Na and S. McNallan et al. [45] reported that after coal combustion, most Na is in the form of either NaCl(g) or Na 2 SO 4 (g), and NaCl will be transferred to Na 2 SO 4 when the content of SO 2 in flue gas is high, according to Equation (7). Na 2 O + SO 2 + 0.5O 2 → Na 2 SO 4 (6) 2NaCl + SO 2 + CO 2 + H 2 O → Na 2 SO 4 + 2HCl + CO (7) Therefore, it is mainly the homogeneous nucleation and heterogeneous condensation of Na 2 SO 4 that forms ultrafine particles, as shown in Figure 7a . Figure 1 shows that most Na is water-soluble and organically bound; the vaporization of Na and S can obviously be enhanced by higher combustion temperatures. Biswas et al. [46] have indicated that when the concentration of nascent ultrafine particles is below a critical concentration, the vaporized Na 2 SO 4 tends to nucleate, but if the concentration number of nascent particles is higher than the critical number, condensation begins to dominate nucleation. The nucleation of Na 2 SO 4 is indeed found to be dominant for OXY21 (Figure 6c,d) , forming a higher concentration of particles of less than 0.07 µm and a smaller peak size of the ultrafine mode, as mentioned above (Figure 3) . By contrast, with a higher vaporization of Na and S, the condensation of Na 2 SO 4 should obviously form larger particles for AIR and OXY32, causing lower concentrations of Na 2 SO 4 in PM 0.5 ( Figure 7a ).
It has already been noted that the yields of Na and S from AIR are obviously less than those for OXY27 and OXY32. This cannot be explained by the higher vaporization, condensation and growth of Na 2 SO 4 considering their comparable particle combustion temperatures. Most of the studies listed in the review by Toftegaard et al. [19] reported a decreased emission of gaseous SOx from oxy-fuel combustion compared to air, because of the higher retention of ash particles for oxy-fuel combustion. This is in line with the higher S contents found in both PM 0.5 and PM 0.5-10 from oxy-fuel combustion ( Figure 7 ). More S is thus emitted in gaseous form for AIR, causing the lowest yields in PM 0.5 observed in Figure 7a . In addition, very high contents of Mg and Ca are reported in PM 0.5 from AIR, which should serve as a core of submicron particles. This was detected by Neville and Sarofim, who confirmed the core of MgO and Fe in submicron particles of Montana lignite [47] . The most abundant existing core of Mg and Ca for AIR is beneficial for the heterogeneous condensation of Na vapor, therefore a lot of Na grows to PM 0.5-10 and causes the lowest Na retained in PM 0.5 .
The combination form of major elements in PM 0.5 , i.e., Ca, Na, S and Mg, was also tested. The mole numbers of these elements are depicted in Figure 8 . It is noteworthy that the MgO was reported to be inert to the sulfation reaction, and MgSO 4 is thermodynamically unfavorable at a temperature of >800 • C [48] , therefore Mg should serve as a core of ultrafine particles and shows little reaction with S. It can also be observed in Figure 8 that the mole number of S is almost equal to the sum of Ca and Na during oxy-fuel combustion. This shows that during oxy-fuel combustion, the occurrence forms of sulfur in PM 0.5 are mostly Na 2 SO 4 and CaSO 4 , and more Ca is found in OXY32 which should serve as a CaO core. For the AIR condition, the highest Ca as well as the lowest Na and S in PM 0.5 shown in Figure 7a imply that more Ca exists as the inner core of ultrafine particles correspondingly. 
PM0.5-10
The very similar yields of various elements except S in PM0.5-10 from AIR and OXY27 are found in Figure 7b , supporting the similar yield of AIR as OXY27 shown in Figure 5b . Because there is no apparent impact on the partitioning of individual elements, the nearly identical particle-burning temperature between AIR and OXY27 (Table 3) should be responsible for their similar PM0.5-10 yields. It is noteworthy that the slightly lower amount of Ca in OXY27 is caused by Equations (2) and (4), which inhibits the transformation of Ca, while the higher content of S in OXY27 can be attributed to the above-mentioned retention of ash particles in oxy-fuel combustion.
Figures 6 and 7b also show that the absolute mass of various inorganic elements in PM0.5-10 increases with the increased oxygen fraction during oxy-fuel combustion, especially for Ca, which leads to an obvious increase in the PM0.5-10 yield. The irrelevance with the individual elemental yield reveals that both the fragmentation of char particles and the melting and coalescence of the included minerals are increased by higher char combustion temperatures [31, 33] . The extensive fragmentation of low-rank coal even in the ignition stage has already been observed by Khatami et al. [42] .
Conclusions
In this paper, Zhundong sub-bituminous coal was combusted in a high-temperature DTF, and the emission behaviors of inorganic PM10 during air and oxy-fuel combustion at three characterized oxygen fractions comparable to air combustion were studied in detail. The results are as follows:
(1) The emission yield of Zhundong coal is very high and reaches up to 200 mg_PM10/g_ash. It is much higher than other power coal and must be a terrible burden for dust-cleaning apparatuses. (2) In all cases, inorganic PM0.5 is composed of Na, S, Mg and Ca, with total fractions of ~90%, while PM0.5-10 predominantly contains Ca (~50-65%), and some Mg, S, Al and Si. (3) At three characterized oxygen fractions during oxy-fuel combustion (OXY21, 27 and 32), the promoted O2 fraction increases the yields of both PM0.5 and PM0.5-10. Higher particle-burning temperatures and lower CO2 fractions promote the reactions of both organically bound elements and minerals, increasing the partitioning of Mg and Ca, and causing an increased yield of PM0.5. The fragmentation of char particles and the melting and coalescence of the included minerals are increased by the higher char combustion temperature to form more PM0.5-10. (4) The yield of PM0.5 from AIR is high and similar to that from OXY32 while the yield of PM0. [5] [6] [7] [8] [9] [10] from AIR is similar to the OXY27 case. The high yield of PM0.5 from AIR is mainly caused by the highest yield of Ca in four conditions. The very similar particle-burning temperature of AIR and OXY27 should be responsible for their similar PM0.5-10 yields as there is no apparent impact on the partitioning of individual elements. The very similar yields of various elements except S in PM 0.5-10 from AIR and OXY27 are found in Figure 7b , supporting the similar yield of AIR as OXY27 shown in Figure 5b . Because there is no apparent impact on the partitioning of individual elements, the nearly identical particle-burning temperature between AIR and OXY27 (Table 3) should be responsible for their similar PM 0.5-10 yields. It is noteworthy that the slightly lower amount of Ca in OXY27 is caused by Equations (2) and (4), which inhibits the transformation of Ca, while the higher content of S in OXY27 can be attributed to the above-mentioned retention of ash particles in oxy-fuel combustion.
Figures 6 and 7b also show that the absolute mass of various inorganic elements in PM 0.5-10 increases with the increased oxygen fraction during oxy-fuel combustion, especially for Ca, which leads to an obvious increase in the PM 0.5-10 yield. The irrelevance with the individual elemental yield reveals that both the fragmentation of char particles and the melting and coalescence of the included minerals are increased by higher char combustion temperatures [31, 33] . The extensive fragmentation of low-rank coal even in the ignition stage has already been observed by Khatami et al. [42] .
In this paper, Zhundong sub-bituminous coal was combusted in a high-temperature DTF, and the emission behaviors of inorganic PM 10 during air and oxy-fuel combustion at three characterized oxygen fractions comparable to air combustion were studied in detail. The results are as follows:
(1) The emission yield of Zhundong coal is very high and reaches up to 200 mg_PM 10 /g_ash. It is much higher than other power coal and must be a terrible burden for dust-cleaning apparatuses. (2) In all cases, inorganic PM 0.5 is composed of Na, S, Mg and Ca, with total fractions of~90%, while PM 0.5-10 predominantly contains Ca (~50-65%), and some Mg, S, Al and Si. (3) At three characterized oxygen fractions during oxy-fuel combustion (OXY21, 27 and 32), the promoted O 2 fraction increases the yields of both PM 0.5 and PM 0.5-10 . Higher particle-burning temperatures and lower CO 2 fractions promote the reactions of both organically bound elements and minerals, increasing the partitioning of Mg and Ca, and causing an increased yield of PM 0.5 . The fragmentation of char particles and the melting and coalescence of the included minerals are increased by the higher char combustion temperature to form more PM 0.5-10 . (4) The yield of PM 0.5 from AIR is high and similar to that from OXY32 while the yield of PM 0. [5] [6] [7] [8] [9] [10] from AIR is similar to the OXY27 case. The high yield of PM 0.5 from AIR is mainly caused by the highest yield of Ca in four conditions. The very similar particle-burning temperature of AIR and OXY27 should be responsible for their similar PM 0.5-10 yields as there is no apparent impact on the partitioning of individual elements.
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